The mortality of septic shock in the pediatric population has improved over the last 2 decades with better supportive care however it still remains unacceptably high. Exaggerated inflammatory responses early in septic shock have been associated with poor outcomes. Regulation of the magnitude of the early inflammatory response is not well understood. The earliest aspect of the inflammatory response to pathogens is the innate immune response which is important to pathogen containment. Elements of the innate immune system activate the adaptive immune system in an antigen-specific way which leads to pathogen-specific protection and lasting immunologic memory to prevent subsequent infection. Pattern recognition receptors (PRRs) are evolutionarily conserved receptors on multiple types of innate immune cells and are capable of responding to highly conserved components of pathogens called pathogen associated molecular patterns (PAMPs). Numerous PRRs have been defined and are present on the cell surface as well as in the cytosol. These receptors fall into several classes called Toll-like receptors which are expressed on the cell surface or on the endosomal plasma membrane, C type lectin receptors and scavenger receptors which are only present on the cell surface. Other PRRs are present in the cytosol and including NOD-like receptors which can aggregate to form inflammasomes and RIG1 like receptors. Pathogenic microorganisms are extremely diverse however there are some common patterns repeated in components of structures such as the cell wall. PRRs can respond to PAMPs comprised of proteins, lipids, and carbohydrates, DNA and RNA. Numerous PAMPs have been described for many classes of pathogenic microorganisms such as Gram negative bacteria, Gram positive bacteria, viruses, fungi, and protozoa. The interactions between PRRs and PAMPs comprise the earliest immune responses to foreign substances and are critical for pathogen containment and amplification of the full repertoire of the immune response. There are developmental differences in the immune systems of infants and children compared to adults. The innate immune system matures much earlier than the adaptive immune response and as a result infants and young children may be more reliant on their innate immune system. For this reason it important to fully understand the key elements of the innate immune response including the many categories of PRRs and their cognate PAMPs. As these interactions are very early in the immune response, they are particularly relevant targets for therapeutic intervention. Below is a discussion of the major classes of PRRs, their expression, ligands, and signaling pathways as well as the major classes of PAMPs that activate them.
INTRODUCTION
Septic shock is the leading cause of death in infants and children throughout the world. In the USA alone, deaths from septic shock even surpass deaths from cancer [1, 2] . Although mortality from septic shock in the pediatric population has improved from nearly 100% in the 1960's to approximately 10% in this last decade with the impact of current supportive care, greater than 4,000 deaths per year still occur. In adults the mortality is much worse at 30-40% despite similar improvements in supportive care [3, 4] . Unfortunately, our understanding of how bacterial infection can progress to sepsis despite antibiotics is still poor. Septic shock is an example of massive activation of many components of the innate immune system. The highest morbidity and mortality in both children and adults with *Address correspondence tothis author at the Division of Critical Care Medicine MLC 2005, Cincinnati Children's Hospital Medical Center, 3333 Burnet Ave, Cincinnati, OH 45229, USA; Tel: 513-636-4259; Fax: 513-636-4267; E-mail: lesley.doughty@cchmc.org sepsis occurs when dysregulation of the pro-and antiinflammatory response is present [5] [6] [7] [8] [9] [10] [11] . What determines the quality or magnitude of an inflammatory response is not well characterized. A frightening reality is that otherwise healthy, well nourished children and adults can develop septic shock and succumb despite aggressive and multisystem supportive care. Very good examples of this are meningococcemia, group A hemolytic streptococcal sepsis, and severe necrotizing community acquired pneumonia/-sepsis which often occur in otherwise healthy individuals. Very little is known about the causes for the explosive inflammatory responses in these settings and even less is known about causes for vulnerability opening the door for such events in otherwise healthy people. In order to make further advances in prevention and/or survival from septic shock it is critical to understand the nature of the early immune response to pathogens. This manuscript will address the cellular receptors involved in responses to pathogens in the initial phase of host -pathogen interaction.
The earliest aspect of the inflammatory response activated in septic shock is the innate immune system. This activation is critical for rapid initiation of a robust inflammatory response when the host is confronted with a pathogen challenge. In essence, cells of this component of the immune response are the first responders to invading pathogens. Pathogens from all categories including bacteria, viruses, fungi, and parasites can activate innate immune cells. In contrast, the adaptive immune system is initiated by the innate immune response in an antigen-specific way culminating in pathogen-specific protection and lasting immunologic memory necessary to prevent subsequent infection [12] [13] [14] .
An enormous amount of research over the last 20 years has been devoted to defining the key aspects of the innate immune response responsible for inducing host response to pathogens. Pattern recognition receptors (PRRs) are evolutionarily conserved receptors capable of responding to highly conserved components of pathogens called pathogen associated molecular patterns (PAMPs). These molecular structures can derive from cell wall contents including lipopolysaccharide (LPS), peptidoglycan (PGN), other cellular components including flagellin, microbial RNA and DNA, viral structures such as envelopes and capsids, as well as many other proteins, glycoproteins and glycolipids. In addition PRRs can respond to some host derived "danger signals" that include molecules exposed/released during cellular stress or tissue injury [12] [13] [14] [15] [16] [17] [18] .
PRRs are present on innate immune cells including dendritic cells, monocytes, macrophages, neutrophils, cytotoxic NK cells and epithelial cells. PRRs can be expressed on cell surfaces, in the cytoplasm, or in endosomes and have specificity for PAMPs from a variety of sources [12, 13] . The innate immune response can be initiated by PRR-mediated recognition of a vast array of PAMPs expressed or released by bacterial, viral, fungal, and parasitic pathogens. PRRs are not pathogen specific instead they are PAMP specific and as such can bind molecular structures common to many pathogens [12, 13] . When PAMPs are recognized by PRRs, intracellular signaling cascades are activated resulting in expression of genes encoding for various elements of the inflammatory response including cytokines, chemokines, and type 1 interferons (IFNs) including IFN and IFN . The result of PAMPinduced PRR signaling is amplification of cell responses to pathogen challenge, cell trafficking into infected sites, and intercellular communication to provide an effective protective response to pathogen invasion [12, 13] .
The definition of sepsis and septic shock as well as management of this syndrome has been described in the other chapters of this supplement. In this section, key aspects of the innate immune response that sense and react to pathogens will be discussed.
Significant advances in understanding developmental differences in the innate immune response in the newborn which result in excess vulnerability to severe infection and catastrophic septic shock. Several differences in innate and adaptive immunity have been defined in newborns which are summarized in a recent review by Wynn et al. [19, 20] . Upregulation of the PRR called Toll like receptors (TLRs) (reviewed below) has been demonstrated in cord blood monocytes associated with gestational age. Beyond that, no differences in expression of PRRs on cord blood or circulating monocytes have been demonstrated between newborns and adults [21, 22] . Despite this, stimulation of the innate immune responders results in a skewed end product favoring an anti-inflammatory cytokine response to PAMPs when compared to the adult response [22, 23] . This antiinflammatory phenotype leads to decreased bacterial clearance and increased mortality in a newborn mouse model of peritonitis [24] . The adaptive immune response develops much later in infancy and as such the newborn is heavily reliant on the innate immune response [19, 20] .
Much less is known about any differences in immune responsiveness in children compared to adults. It is clear from the sepsis literature that the pediatric population has dramatically more favorable outcome from septic shock when compared to the adult population [25, 26] . Whether this reflects developmental differences in immune responses or simply the resilience of children is not known. It appears that a skewed anti-inflammatory cytokine response to PAMPs persists into childhood based on responses of peritoneal macrophages (from humans) and circulating monocytes [27] [28] [29] . Others have shown that the adaptive immune response continues to evolve into the second decade of life. As in the newborn, the infant and child may continue to depend on the innate immune response more heavily than the adult. For this reason it important to fully understand the key elements of the innate immune response including the many categories of PRRs and their cognate PAMPs. Below is a discussion of the major classes of PRRs, their expression, ligands, and signaling pathways. In addition, some of the classic PAMP structures will be reviewed.
TOLL-LIKE RECEPTORS
TLRs are a highly conserved group of type 1 transmembrane receptors that have been extensively studied and well characterized. Currently 11 human and 13 mouse TLRs have been described and all share several features [13, 14, [16] [17] [18] . As transmembrane proteins, each has an extracellular and a cytoplasmic domain. The extracellular domain contains leucine-rich repeat (LRR) motifs that are responsible for PAMP recognition. The cytoplasmic domain is homologous to the cytoplasmic domain of the IL-1 receptor and as such is called the Toll/IL-1 receptor (TIR) homology domain [30] . This aspect of the TLR is essential for downstream signaling. TLRs can be expressed at the cell surface or intracellularly in endosomes [12, 13, 16, 17] .
TLRs can be characterized based on the type of molecules recognized. Lipid moieties are recognized by TLRs expressed on the cell surface including TLR1, TLR2, TLR4, and TLR6. Nucleic acids are recognized by TLR3, TLR7, TLR8, and TLR9 which are expressed in the endosomes ( Table 1) . Some protein ligands can be recognized by TLR5 and possibly TLR11 and TLR10 is less well characterized. Importantly, TLRs can interact directly with PAMPs or indirectly through interaction with PAMPbinding proteins [18] . For example LPS must be bound to LPS binding protein (LBP) and CD14 at which point it is transferred to myeloid differentiation protein 2 (MD2) prior to activating TLR4 [17] . There are also some data that implicate CD14, CD36, and Dectin-1 involvement in TLR2 interaction with specific ligands and may confer some specificity between di and triacylated lipopeptides and contribute to sensitivity to ligands [31] [32] [33] [34] [35] . Upon sensing PAMPs TLR oligomerize to initiate signaling. Some TLRs homodimerize (TLR3, TLR4, TLR5, TLR7, TLR8, TLR9, and TLR11) while others heterodimerize (TLR1/TLR2, TLR2/TLR6) to initiate signaling. In the case of TLR2 specificity is altered based on heterodimerization with TLR1 versus TLR6 in that TLR1/TLR2 recognizes triacyl lipopolypeptides and TLR2/TLR6 recognizes diacyl lipopolypeptides [13, 17] .
Some attempts to define ligands for various TLRs, have been confounded by impurities in putative ligands. Preparations of bacterial products and bacterial-derived recombinant proteins can contain low level impurities including LPS, lipopeptides, and even bacterial DNA. As a result ligand and receptor specificity has sometimes been misleading and further purification of reagents resulted in altered conclusions [36] [37] [38] . Multiple approaches are used to eliminate impurities and over the last 10 years purity of PAMP preparations have continued allowing clarification of earlier data and controversies.
The protein cascade activated by ligand binding is very similar to that used by the IL-1R (Fig. 1) MyD88 plays a prominent role in signaling by all TLRs except TLR3. The adaptor protein MAL is necessary for the homophilic association between the TIR domains of MyD88 and TLR2 and TLR4. MAL does not appear to be required for MyD88 interaction with other TLRs including TLR5, TLR7, TLR8, and TLR9. The interaction between TLR-MAL-MyD88 recruits the IL-1R associated kinase (IRAK) kinase family including IRAK1, IRAK2, and IRAK4 [14, 17, 18] . Through sequential phosphorylations the cluster of IRAK molecules dissociates from MyD88 and interacts with TNFR associated factor 6 (TRAF6). Both mouse and human data have demonstrated that IRAK4 is an essential molecule in this process [13, 14, 17, 18, [42] [43] [44] . TRAF6 is a ubiquitin ligase and together with other members of the ubiquitin enzyme complex (Ubc13, Uev1A) catalyze the synthesis of lysine 63-linked polyubiquitin chains resulting in autoubiquitination of TRAF6 and ubiquitination of transforming growth factor-activated protein kinase 1 (TAK1) as well as the NF B essential modulator (NEMO). TAK1 binding protein 2 (TAB2) and TAB3 associate with this complex leading to activation of inhibitory B kinase (IKK) and the MAPK pathway [12, 13, 16, 17] . Activation of IKK leads to I B degradation and translocation of NF B to the nucleus which activates many genes important to the inflammatory response. TAK1 mediated phosphorylation of proximal members of the MAPK kinase family ultimately results in phosphorylation of p38 and JNK leading to activation of the transcription factor AP-1 which also activates many inflammatory genes [12, 13, 16, 17 ].
An MyD88-independent signaling pathway downstream of TLR signaling was discovered using MyD88 deficient mice. The adaptor molecule recruited to the TLR TIR domain is TRIF and this pathway is only used by TLR3 and TLR4. Similar to MAL, TRAM3 is another adaptor protein necessary for interaction between TRIF and the TIR domain of TLR4 but not TLR3. Therefore TLR4 unlike all other TLRs can signal both through the MyD88 and the TRIF pathway whereas all others either use MyD88 only (TLR1/TLR2, TLR2/TLR6, TLR5, TLR7, TLR8, and TLR9) or just TRIF (TLR3) [13, 14, 17, 18] . TRIF serves as a bridge between activation of the NF B pathway leading to proinflammatory cytokine production and the IRF3 pathway which leads to induction of IFN . TRIF binds to receptor interacting protein 1 (RIP1) which recruits TRAF6 leading to activation of TAK1, the IKK complex and ultimately NF B activation [45] . Several studies have demonstrated that NF B activation through TRIF occurs later than that induced by the MyD88 pathway and is referred to as "late phase" NF B activation in TLR4 signaling [15, 17, 40, 41] . TRIF also activates TRAF3 and TRAF-family member-associated NF B activator (TANK) followed by TANK binding kinase 1 (TBK1). TBK1 interacts with IKK resulting in phosphorylation of IRF3, a transcription factor that induces IFN and other IFN-inducible genes. A key point here is that the use of different adaptor proteins allows divergent signaling and divergent ligand binding by similar TLRs [12-14, 16, 17] .
TLR3, TLR7, TLR8, and TLR9 are also transmembrane receptors that are expressed on the luminal side of endosomes with adaptor and signaling molecules in the cytoplasm. In addition to TLR3 and TLR4 mediated induction of IFN , TLR7 and TLR9 are known to induce large amounts of IFN in plasmacytoid dendritic cells (pDCs). As stated above the ligands for TLR3, TLR7, and TLR9 are nucleic acids (Table 1) [12, 13, 16, 17] . Viruses are endocytosed and degraded leading to liberation of dsRNA, ssRNA, and DNA which serve as ligands for TLR3, TLR7, and TLR9. TLR9 also can bind cytidine-phosphateguanine (CpG) motifs from microbial DNA which are unmethylated (methylated in humans) and signal similarly [13, 17, 40, 41, 46] . TLR7 and TLR9 both require MyD88 for signaling leading to both NF B activation and IFN induction which is markedly different from TLR3 and TLR4 in that TRIF is not required for IFN induction [12, 13, 16, 17] . In pDCs the transcription factor IRF7 is constitutively expressed and is activated by MyD88 dependent recruitment of IRAK1, 4, TRAF6, IKK, and TRAF3 [14, 15, 40, 41] . IRF7 then induces IFN and IFN-inducible proteins critical for antiviral innate immunity. TLR7 and TLR9 also activate the NF B and MAPK pathways through MyD88. Other IRFs are reported to be involved in this type of signaling however their impact and specific functions are less well characterized [14, 17, 18, 40, 41] .
The importance of TLRs and their signaling pathways is evident in the many reports of individuals (often children) afflicted by recurrent and severe infections who are found to have specific deficiencies, mutations, or polymorphisms of either TLRs or elements of their signaling pathways. Table 2 lists several such immunodeficiencies and elements of the resulting phenotype [39, 42, [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] . In some cases the phenotype is expected from the known biology of the protein in question. In other cases for instance, it is unclear how TLR4 polymorphism would lead to increased incidence of fungal infections. Conversely, redundancy in these signaling pathways is a likely explanation for a narrow phenotype Activation by all TLRs except TLR3 recruits MyD88, IRAKs, and TRAF6 resulting in activation of TAK1 which activates the IKK complex and the MAPK pathway. Ultimately this pathway leads to I B degradation and NF B translocation to the nucleus or activation of MAPKK with subsequent activation of AP1 which also induces proinflammatory cytokines and chemokines (solid arrow). TLR4, TLR1/2 and TLR2/6 require the adaptor protein MAL to activate the MyD88 pathway. TLR3 and TLR4 both recruit TRIF (via TRAM for TLR4) which activates TBK1 and IKKi causing IRF3 dimerization, nuclear translocation, and induction of IFNs and IFN inducible genes (striped arrow). In pDCs when endosomal TLR7 and TLR9 are stimulated, signaling is initiated through MyD88 to form a complex including TRAF6, TRAF3, IRAKs, IKK leading to dimerization and nuclear translocation of IRF7 which also induces IFNs and activation of IFN inducible genes (striped arrow). Although variable in their ligand specificity, the signaling pathways share many adaptors and intermediate signaling proteins (adapted from [12] [13] [14] [15] [16] [17] [18] ). RIP1   TRAF6   ENDOSOME   TLR 7 TLR 9  TLR 3   TRIF   TRAF6   RIP1   TRAF3  TANK  TRAF6  IRAK4   IRAK1   IRAK4   IRAK1   TRAF3   Ub   Ub   IKK   IKK   IRF3   IRF3   IRF7   IRF7   IRF7   IRF7   MyD88   TLR 5   MyD88  TIR  DOMAIN   CYTOPLASM   CD14 LBP characterized by pyogenic but not fungal, parasitic or mycobacterial infections in IRAK4 or MyD88 deficiencies [65] . As these genetic abnormalities become better characterized, no doubt more patients with deficiencies of the innate immune system and severe septic shock will be identified.
CYTOSOLIC PATTERN RECOGNITION RECEP-TORS
In addition to the transmembrane TLRs another group of PRRs located in the cytosol have been characterized. The two broad categories are called NOD-like receptors (NLRs) which detect cytosolic bacterial components and the retinoic acid-inducible gene 1 (RIG1) helicases which detect cytosolic viral components.
NOD-like Receptors
NLRs are comprised by a complex array of proteins that extend ligand binding diversity as well as providing an intracellular sensing mechanism to complement TLR function. If microbes slip past the extracellular and cell surface defenses, the cytosolic PRRs form a second line of defense to further protect the host. Ultimately, NLRs have a common target as do TLRs however the end products of NLR signaling is not the same for all NLRs. The major pathways activated are NF B, MAPKs, and caspase 1 [66] .
NLRs contain several functional domains including a series of LRRs which are key to ligand sensing, a central nucleotide domain (NACHT domain), and a signaling domain such as the caspase activation and recruitment domain (CARD), Pyrin domain (PYD), or baculovirus inhibitor repeat (BIR) domains (Fig. 2) [66] [67] [68] . LRRs are present in both TLRs and NLRs and participate in ligand sensing for a wide range of PAMPs either by direct binding or indirectly as appears to be the case for both TLR4 and the NLRs [66, 67] . The NACHT domain is common to all NLRs and oligomerizes upon activation to form the high molecular weight complexes called signalosomes [66, 67] . CARD and PYD are death domain-fold proteins important in apoptosis and inflammation. The BIR domain consists of inhibitor of apoptosis (IAPs) and neuronal apoptosis inhibitor proteins (NAIPs). Therefore all NLRs are composed of an LRR at the C terminus, a NACHT domain in the center, and a death domain fold protein (CARD or PYD) or a BIR protein at the N terminus [66] [67] [68] .
There are 3 NLR subfamilies which include NALPs, IPAF, and NODs. As stated above each NLR has 3 domains and the 3 NLR subfamilies are classified by different LRRs and N terminus proteins but all have the central NACHT domain [66] [67] [68] . The NALPs have PYD domains at their N terminus where as the IPAF group has a CARD domain. The NOD family members all have CARD domains at their N terminus [66] [67] [68] .
NOD1 and NOD2 are the best characterized NLRs to date. NOD1 detects -D-glutamyl-meso-diaminopimelic acid (iE-DAP) from Gram-negative bacteria and NOD2 detects muramyl dipeptide (MDP) which is a degradation product of PGN released by intracellular or phagocytosed bacteria (Table 1) [17, 18, 67, 69, 70] . Data is emerging to show that NOD1 may be capable of sensing cytosolic bacterial DNA from work with the intracellular pathogen Listeria monocytogenes [71] . When bound to ligand, NOD1 and NOD2 oligomerize and activate the adaptor protein and kinase RICK (Fig. 3) [17, 67] . This activation occurs via homophilic interaction between the CARD domains of the NODs with that of the RICK protein. RICK becomes polyubiquitinated and recruits TAK1 and NEMO resulting in NF B activation leading to production of multiple proinflammatory cytokines [66] . Ligand binding by both NOD1 and NOD2 also leads to activation of MAPKs but the signaling pathway for this property is less well defined. NOD1 and NOD2 are expressed in phagocytes and in certain types of epithelial cells such as in the intestine [66] .
Importantly, these NLRs are critical for clearance of the Helicobacter pylori and L. monocytogenes which are both phagocytosed and perforate the vacuolar membranes using distinct mechanisms [72, 73] . Once in the cytosol, L. monocytogenes replicates and induces IFN through NOD1 activation. The PAMP for this activation is thought to be bacterial DNA [73, 74] . H. pylori can inject PGN (component of bacterial cell wall) into the cytosol also leading to NOD1 activation and IFN production. In addition muramyl dipeptide found in digested L. monocytogenes, peptidoglycan is thought to potentiate NOD1 responses through activation of NOD2 [75] [76] [77] . Interplay between NOD receptors and TLRs is evident by the fact that LPS tolerized macrophages respond more vigorously to NOD2 agonists. In another context, NOD1 and NOD2 activation by agonists such as MDP and PGN can heighten subsequent responses to other TLR ligands including those for TLR4, TLR3, and TLR9 [78] . Furthermore, in the presence of LPS tolerance, clearance of the L. monocytogenes required both NOD1 and NOD2 [79] . In the intestine these molecules are particularly important in eradication of L. monocytogenes perhaps because of minimal expression of TLRs on gut epithelial cells [80] .
Further functional relevance of these pathways has been demonstrated by an association between Crohn's disease and a NOD2 mutation and some association between atopy and NOD1 polymorphisms. A role for NOD1 in Crohn's disease is controversial and as yet not certain [17, 66, 67, [81] [82] [83] . Blau syndrome characterized by rashes, uveitis, and arthritis and Sarcoidosis are associated with a gain of function mutation of NOD2 [84] . At this point NOD deficiencies have not been implicated as contributing factors to severe septic shock or vulnerability to bacterial infection however with less common organisms such as L. monocytogenes, this system may in fact contribute.
Inflammasomes
NLR signaling via the NALP family and IPAF can lead to caspase 1 activation and production of the active form of IL-1 from its pro form by the formation of large macromolecules called inflammasomes (Fig. 4) . Inflammasomes are comprised of large macromolecules including oligomerized NLR proteins and the apoptosis-associated speck-like protein containing a CARD (ASC). ASC is an adaptor protein that contains a PYD and a CARD. NALPs recruit ASC via PYD:PYD interaction and activate caspase 1 via homophilic interaction between the CARD domains of both ASC and caspase 1 [13, 17, 18, 66, 67, 85] . There are 3 types of inflammasomes which are called NALP1, NALP3, and IPAF. These multimeric scaffold structures recruit and activate caspase 1 leading to the cleavage of bioactive IL-1 from pro IL-1 [66] [67] [68] 85] . The only known ligand for NALP1 currently is the anthrax lethal toxin from Bacillus anthracis [86] . NALP3 binds components of a diverse array of microbial pathogens such as L. monocytogenes, Staphylococcus aureus, bacterial and viral RNA and DNA (Table 1) [66, 67, 87, 88] . It also is activated by urate crystals which serve as endogenous danger signal as well as other foreign substances such as alum particles, silica, and asbestos [89, 90] . Data is accumulating that suggests that many of these stimuli activate NALP3 indirectly by mechanisms including activation of NOD2, induction of potassium efflux from cells and induction of reactive oxygen species as a common pathway [90] [91] [92] . IPAF inflammasomes appear to be critical for caspase 1 activation (through an unknown mechanism) by bacteria that are intracellular and/or express flagellin including Salmonella typhimurium, Legionella pneumophila, Pseudomonas aeruginosa, and [66] [67] [68] [93] [94] [95] [96] [97] . Flagellin is secreted into the cytosol by bacteria specific secretion mechanisms. It appears that flagellin is a key activator of the IPAF inflammasome which is critical for caspase 1 activation and release of IL-1 [98] . Although flagellin is also a TLR5 ligand, the impact of flagellin on IPAF is TLR5-independent [66, 96] . Other NLRs have also been demonstrated to play a role in containment of L. pneumophila including NAIP5 [99, 100] .
Clinical relevance has also been demonstrated for this group of NLRs and inflammasomes in hereditary autoinflammatory disorders characterized by excess IL-1 production. In contrast to deficiencies/mutations of TLRs and their signaling proteins, most disease processes related to NLRs are hyperinflammatory but do not predispose the host to frequent or catastrophic infections. Examples of such hyperinflammatory disorders include Muckle-Wells syndrome, familial cold auto-inflammatory syndrome in which NALP3 is mutated leading to excess IL-1 [67, 101] . Also, Familial Mediterranean Fever which occurs as a result of a Pyrin mutation [67, 101] . Other diseases have been identified as likely falling into this category of syndromes based on their responsiveness to IL-1receptor antagonist therapy [102] .
RIG 1 Helicases
Viruses can enter cells by endocytosis or fusion with the plasma membrane with subsequent entry into the cytoplasm where viral replication occurs. Since TLRs are transmembrane proteins cytosolic RNA (and DNA) cannot be detected by TLRs and instead can be detected by the cytosolic retinoic acid inducible gene 1 (RIG1)-like helicases (RLHs) including RIG1 and melanoma differentiationassociated gene 5 (MDA5) [40, 41, 46] . These proteins detect cytosolic RNA independent of TLRs. RLHs contain a DExD/H box RNA helicase domain and 2 tandem CARD domains which are critical for downstream signaling (Fig. 5 ) [40, 41, 46] . Through the use of knock-out mice, it has become clear that RIG1 and MDA5 bind viral RNA from different viruses and as such demonstrate some elements of PAMP specificity (Table 1) [46, [103] [104] [105] . In addition these data demonstrate that the RLHs are not redundant in function. Activation of RLHs results in activation of IRF3, IRF7, and NF B followed by transcription of IFN as well as inflammatory cytokines. Another protein called laboratory of genetics and physiology 2 (LGP2) is a third member of the RLH family which lacks the CARD domain which is necessary for initiating downstream signaling [40, 41, 46] . The exact role of this protein has not been elucidated but is thought to be a negative regulator of RIG1 and MDA5 because it can bind RNA but not signal [17, 106] .
The helicase portion of the RLHs binds cytosolic RNA and "unwinds" it. The result of this conformational change is that the CARD domain becomes activated [106, 107] . Both activated RIG1 and MDA5 bind an adaptor protein called interferon b promoter stimulator 1 (IPS1) (also known as MAVS, VISA, and CARDIF) via CARD:CARD interaction [17, 106] . It is this adaptor protein activation that serves as a bridge to the common downstream effector signaling pathways, IKKs to NF B, and TBK1 to IRF3, and IRF7 leading to transcription of proinflammatory cytokines and Fig. (3) . NLR Signaling. When bound to ligands, NODs self oligomerize and activate the adaptor protein RICK via CARD:CARD interaction. RICK activates TAK1 leading to interaction with the IKK complex and activation of NF B. NODs via RICK are also thought to activate MAPK pathways (adapted from [65, 66] The interferon inducible protein kinase (PKR) is another intracytoplasmic PRR that recognizes dsRNA and as such is important in defense against replicating viruses of many Fig. (4) . Inflammasomes. NLRs (NALP1, NALP3, and IPAF) can serve as "scaffolding proteins" for the formation of large macromolecular complexes capable of caspase 1 activation and production of IL-1 . Upon PAMP recognition, NALPs oligomerize and their PYD domain recruits the ASC adaptor protein via PYD:PYD interaction. ASC has an N terminal PYD and a C terminal CARD domain. When bound to NALP via PYD, the CARD domain of ASC interacts with the CARD domain of caspase 1 leading to cleavage of IL-1 from its proform. Inflammasomes are large multimers of such complexes. Because IPAF has a C terminal CARD domain, it does not require ASC and binds to caspase 1 directly (adapted from [66] ).
Fig. (5).
Cytoplasmic Viral RNA Recognition. Viruses can enter cells by fusion with the plasma membrane or by endocytosis. RIG1 helicases are cyotosolic viral RNA specific PRRs. Their structure consists of a DExD/H box RNA helicase domain and 2 tandem CARD domains. The helicases RIG1 or MDA5 bind cytosolic dsRNA with C terminal 5' triphosphate moieties and unwind it. This results in activation of the CARD domains and binding to IPS via CARD:CARD homophilic interaction. IPS must be located on the outer mitochondrial membrane although the role of mitochondria in this process is unclear. IPS activation leads to activation of IRF3 through TBK1 and IKKi and NF B through FADD, Caspase 8/10, and IKK. PKR is another cytosolic PRR that is activated by dsRNA and can activate NF B, AP1, and IRF3. This cascade of signaling although independent of TLR signaling also leads to induction of proinflammatory mediators and IFN and IFN inducible genes (adapted from [12, 14, 40, 106] ). types. Upon activation by variable lengths of dsRNA, PKR autophosphorylates and phosphorylates the early initiation factor 2B (eIF2B). This protein can inhibit the initiation of translation and by decreasing translation it can decrease viral replication [18, 106] .
Since the cytosol has an abundance of cellular RNA, PRRs must discriminate between foreign RNA and self RNA. Self RNA is characterized by 5' monophosphate moieties but viral RNA has 5' triphosphate in this position. RIG1 detects the 5' triphosphate end of viral RNA but not the 5' monophosphate moiety of self RNA. PKR also can recognize 5' triphosphate single stranded tails on dsRNA. In this way, both RIG1 and PKR may contribute to distinguishing self from foreign RNA [110] . Other posttranscriptional differences in self RNA also contribute to discriminating self from non-self. One example is that viral RNA is commonly associated with various RNA binding proteins and this complex is recognized as non-self [110] .
The pathways and RLRs responsible for recognition of cytosolic DNA are less clear and may involve other pathways since cells deficient in MyD88, TRIF, TLR9, MDA5, and RIG1 can produce IFN in response to DNA viruses and bacterial DNA in the cytoplasm [106] . An intracellular receptor called DNA-dependent activator of IRFs (DAI) is inducible by cytosolic DNA and can bind DNA leading to association with TBK1, and IRF3 followed by IFN production. Full characterization of this protein and its signaling pathway has yet to be completed and more work will be required to look for additional adaptors and regulators involved [106, 111] .
Scavenger Receptors
Other PRRs have been characterized and are capable of extending the breadth of PAMP recognition [16] [17] [18] . One such group of PRRs are scavenger receptors which are best known for their ability to bind and internalize low density lipoproteins (LDLs) that are modified by oxidation or acetylation. Understanding of scavenger receptor biology has led to discovery of several subtypes including scavenger receptor A l/ll (SR-A l/ll), macrophage receptor with collagenous domain (MARCO), and SR-B (CD 36) [16] . These PRRs also bind LTA, lipid A, and CpG DNA and to other types of polyanionic ligands from many microorganisms ( Table 1 ) [16] . These receptors, like TLRs are highly conserved and have been shown to have overlapping function with some of the TLRs such as TLR2. One example is that SR-A l/ll -/-mice exhibit heightened lethality and cytokine production in response to LPS indicating that SR-A l/ll modulates sensitivity to LPS [112, 113] . Alternatively, mice with an SR-B mutation are more susceptible to gram positive cocci infection and they do not respond to diacylated TLR2 ligands indicating a possible cooperative function with TLR2 [16, 114] .
C-Type Lectin Receptors
Carbohydrates on cell surfaces, circulating proteins, and pathogens can be recognized by C-type lectin receptors (CLRs) on the surface of many cell types including dendritic cells, NK cells, macrophages, endothelial cells, and platelets. The carbohydrate recognition domain (CTLD) is highly conserved and denotes carbohydrate specificity [16] . CLRs are distinguishable by the type and number of CTLDs. Transmembrane CLRs can function as PRRs and are classified by their binding specificity into 2 groups. First are those in the mannose receptor family such as the mannose receptor (CD206) and second are those in the asialoglycoprotein receptor family including DC specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN) which is also known as (CD209) and dectin 1 ( Table  1 ) [115] . Mannose, fucose, and glucan are the primary carbohydrates recognized by CLRs and this diversity of carbohydrate binding allows recognition of most types of pathogens [115] . Mannose is expressed by many viruses, fungi, mycobacteria. Fucose is expressed by certain bacteria and helminthes. Glucan is present on mycobacteria and fungi [115] [116] [117] . Upon binding to a CRL, PAMPs can be engulfed and degraded leading to antigen presentation by dendritic cells and macrophages to T cells [16, 115] . CLR signaling proteins are vastly different from those used by TLRs. Some CLRs such as blood DC antigen 2 protein (BDCA2) activate intracellular signaling through immunoreceptor tyrosinebased activation motif (ITAM) containing molecules such as Fc Receptor [118] . Others such as DC SIGN and Dectin 1 activate kinases and phosphatases through their cytoplasmic domains. Some CLRs such as Dectin 1 induce signaling independent of TLRs via activation of the spleen tyrosine kinase (Syk) and a serine/threonine kinase called Raf-1 leading to a complex relationship between noncanonical (Syk) and canonical NF B activation (Raf-1). This ultimately results in a complex array of cytokines and chemokines important to T cell differentiation. Dectin 1 directs T helper cell differentiation controlling noncanonical NF B activation through Raf-1 and Syk [119] .
Other CLRs have been shown to negatively modulate TLR signaling and this appears to be dependent on pathogen specific carbohydrate signatures. Ligand binding to DC-SIGN modulates TLR mediated activation of NF B by TLR ligands. DC-SIGN binding activates the small GTPase Ras followed by Raf-1 which interacts with the p65 subunit of NF B that was previously activated by the TLR cascade. Raf-1 phosphorylates p65 at serine 276 which becomes a target for acetylation by histone acetyltransferases CREB binding protein (CBP) and p300. Acetylation at this site enhances and prolongs p65 DNA binding and transcription of anti-inflammatory cytokines such as IL-10. In this way DC-SIGN is able to negatively modulate TLR function. An example of a PAMP capable of modulating TLR activity in this way is the cell wall component mannose-capped lipoarabinomannam (ManLam) of Mycobacterium tuberculosis [115, 118, 120, 121] .
Other CLRs such as BDCA2 and dendritic cells immunoreceptor (DCIR) can also downregulate TLR signaling by one of two mechanisms. Ligand binding by BDCA2 results in Ca2+ mobilization which through unknown mechanisms decreases TLR9 induction of IFN , TNF , and IL-6. DCIR when bound by ligand and endocytosed can activate its immunoreceptor tyrosine-based inhibitory motif (ITIM). This leads to recruitment of the negative regulatory phosphatases SH2-domain containing protein tyrosine phosphatase 1 (SHP1) or SHP2. Ultimately, downregulation of IL-12 and TNF induced by TLR8 and IFN induced by TLR9 in dendritic cells occurs [108, 109, 115, 118] .
The above paragraphs describe only some of the PRRs and signaling pathways used in the innate immune response. The PRRs and the signaling pathways described above demonstrate responsiveness to an enormous breadth of PAMP variability and origin. The versatility of PRRs is demonstrated by the responsiveness of cell surface and cytoplasmic receptors to PAMPs from a vast assortment of biochemical components, extracellular and intracellular location, entry sites in the body, and life cycles [17, 18] . In addition, given the overlap in binding specificity to different aspects of pathogens, the spectrum of PRRs essentially assures that no single pathogen is sensed by only one type of PRR [17, 18] . For instance a viral envelope particle may be sensed on the cell surface by a TLR however once inside the cytosol there are RLHs to provide a second tier of protection. In addition, data is accumulating to support the concept that there is overlap and/or cooperation between PRRs of different types leading to more effective pathogen defenses [79, 122, 123] . In this way the innate immune system has competently evolved to provide a rapid and potent inflammatory response while maintaining some specificity. This redundancy provides more protection against pathogens however it may confound efforts to interrupt inflammatory cascades activated in septic shock.
PAMPs
Microbial pathogen structure is tremendously diverse when considering the composition of viruses, bacteria, fungi, and parasites. PAMPs derived from these organisms become even more complex because many aspects of each microorganism can serve as a PAMP and be recognized by different PRRs. PAMPs are a diverse and complex array of molecular components including proteins, lipids, carbohydrates, DNA, and RNA. Some of the better characterized PAMPs and their interaction with their cognate PRRs are described below.
Gram Positive Bacteria
The structural scaffold of bacterial cell walls in both Gram-positive and Gram-negative bacteria is peptidoglycan (PGN) (Fig. 6) . PGN is comprised of linear chains of alternating N-acetylglucosamine and N-acetylmuramic acid which are cross linked by peptide chains forming a large polymer. This macromolecule combined with glycolipids such as LTA and lipoproteins that are anchored in the cell membrane internal to PGN [18] . In Gram-positive bacteria the PGN layer is many fold thicker compared to that in the Gram-negative cell wall (Fig. 7) [13, 16, 124] . TLR2-/-mice exhibit significant susceptibility to the Gram positive organisms Streptococcal pneumoniae and S. aureus [17, 18, 125, 126] . Components of the Gram-positive cell wall that are recognized by TLR2 include LTA and lipoproteins. PGN had been considered a TLR2 ligand until the discovery of PGN-mediated activation of NOD2 by muramyl dipeptide which is a breakdown product of PGN. Recent data largely support PGN as a NOD2 agonist however it remains controversial. Recently, in an arthritis model, PGN signaled through TLR2 and NOD2 independently and by using TLR2-/-and NOD2 -/-mice some overlap between the two has been demonstrated [127] . It is possible that this controversy is a result of impurities within the PGN preparations. For instance, macromolecular PGN activated signaling through TLR2 however monomeric PGN did not. In contrast signaling induced by monomeric PGN required NOD2 [128] . These authors suggested that perhaps the lipoproteins contained within the macromolecular preparation, were activating TLR2. It might also be possible that macromolecules signal through TLR2 on the cell surface and that monomeric preparations had access to the intracytoplasmic NOD2 receptor.
Gram-Negative Bacteria
In the Gram-negative bacterial cell wall a thin layer of PGN is sandwiched between the cell membrane and the outer membrane which contains LPS, phospholipids, and proteins (Fig. 7) [12, 13] . The lipid portion of LPS is called lipid A and is responsible for much of the immunostimulatory activity of LPS. Lipid A is attached to an O-linked polysaccharide via a core polysaccharide segment [17, 129, 130] . These components of LPS are not the same from all gram-negative bacteria and are distinguishable by variations in phosphorylation, acyl chains, number of monosaccharides, linkages,and fatty acid composition [12] [13] [14] . These variations are very important to the immunostimulatory potency of the lipid A and LPS. One example of this is the reduced toxicity seen from monophosphoryl lipid A. To some degree these modifications determine pathogenicity and virulence [14, 17, 130] . Some gram-negative bacteria can activate several PRRs simultaneously including TLR4 (LPS), TLR2 (lipoproteins), TLR5 and IPAF inflammasomes (flagellin), TLR9 (CpG DNA), and NOD1 and NOD2 (MDP). For instance, Neisseria meningitidis is capable of activating TLR2, 4, and 9 [13, 131] .
Other components of bacteria also serve as PAMPs including capsular structures, pili, flagella, and bacterial CpG DNA which are quite diverse between pathogens [16] . The capsule is important to prevent dessication, for adherence, and to prevent opsonization and is critical for virulence. TLRs and NLRs are involved in containment and the innate response to capsular material in S. pneumonia [132] , N. meningitides [133] , Haemophilus influenzae, and E. coli [134] . For example, clearance of encapsulated H. influenzae required TLR2, TLR4 and NOD1 signaling pathways [135] . Pili and fimbriae are long filamentous structures extending off the surface of many Gram-positive and Gram-negative bacteria with a variety of morphology and function and there are some data showing activation of TLR4 by fimbriae [136] . Flagella are important for bacterial motility in some Gram-negative and Gram-positive bacteria. Although flagellin is the key component of flagella, the structure can vary widely. Despite this it is a very potent stimulator of TLR5 and IPAF signaling [13, 14] . Some bacteria such as Salmonella are serotyped based on their LPS and flagellin subtypes [14, 94, 95, 120] . Bacterial CpG dinucleotides are prevalent and unmethylated whereas mammalian CpG motifs are few and highly methylated. Only the unmethylated CpG is immunostimulatory. Single stranded unmethlyated CpG regions are liberated by endosomal degradation of bacterial DNA and are recognized by TLR9 [13, 14, 137] .
Intracellular Bacteria
Mycobacteria infect macrophages and replicate in phagosomes. Several components of mycobacteria are known to be PAMPs. There are several cell wall components from different subtypes of mycobacteria that can activate TLR2. For instance, the cell wall components lipomannan (LM) and lipoarabinomannan (LAM) (and derivatives) from M. tuberculosis are potent TLR2 ligands and most of the data show that TLR2/TLR1 heterodimers are responsive to LAM and mycobacterial lipoproteins [17, 33, 138, 139] . Despite these data, NOD2 and TLR2 double knockout mice controlled M. tuberculosis pneumonia efficiently suggesting that in vivo control of this organism is much more complex. CARD9 was recently shown to be critical in M. tuberculosis control suggesting that in vivo, this organism may activate multiple PRRs [140] . In leprosy, there is some evidence that TLR1/TLR2 expression is diminished on monocytes and DCs in lepromatous leprosy compared to tuberculoid leprosy suggesting a role for TLR1/2 in control of Mycobacterium leprae [14, 141, 142] .
The innate response to another intracellular bacteria L. pneumophila is not well defined however as mentioned previously its flagellin can activate signaling through Naip5/IPAF inflammasome and TLR5. In addition, RIG-1 and MDA5 appear to be activated by L. pneumophila and so far reports indicate that bacterial DNA and/or RNA are the activators of these pathways [143] .
Cell Wall Free Bacteria
PAMPs from mycoplasma species, despite being devoid of a cell wall, have also been found to interact with PRRs. No endotoxins or exotoxins have been identified from Mycoplasma pneumoniae however lipid-associated membrane proteins (LAMPs) are capable of activating TLR1, TLR2, and partially TLR6. Such LAMPs are a subunit of the F 0 F 1 -type ATPase and are diacylated [144] . In addition other triacylated lipoproteins signal through TLR 1 and 2 but are independent of TLR6 [145] . As expected by these data, an in vivo model of pulmonary mycoplasma infection is heavily reliant on TLR2 [146] .
Fungi
Cell wall and cell surface components of many types of fungi have been identified as PAMPs and critical for eliciting inflammatory responses. Zymosan, mannan, phospholipomannan, and glucan are PAMPs expressed on a variety of important fungal pathogens including Candida albicans, Aspergillus fumigatus, and Cryptosporidia neoformans [147] . TLR2/6 heterodimers recognize zymosan, TLR2 homodimers recognize glucan, and phospholipomannan, and TLR4 recognizes mannan [13, [148] [149] . In addition cooperation between types of PRRs has been demonstrated. One example is that dectin 1 and the mannose receptor can mediate phagocytosis of glucan which is followed by recruitment of TLR2 to the phagosome to elicit a strong inflammatory response [13, 14, 35, 150] . All of the PAMPs listed above are expressed by C. albicans indicating that fungi present many PAMPs and require many types of PRR systems for infection control. Part of this complexity arises from the fact that different life stages present different PAMPs. Both yeast and filamentous forms of C. albicans can be seen during infection and glucan is present on the yeast form but not filamentous form. As a consequence, dectin 1 does not recognize the filamentous form resulting in enhanced virulence [13, 151] 
Protozoa
The study and recognition of PAMPs and PRR pathways involved in immune responses to parasitic infections has not advanced as quickly as it has for bacteria and viruses. Due to the parasitic life cycle changes in morphology, study of the molecular requirements for the immune response is extremely complicated. Interactions and requirements of some PRRs have been defined for some protozoa. For example, interaction between profilin is a protein from Toxoplasma gondii and TLR11 is required for adequate induction of IL-12 which is essential for pathogen eradication [152, 153] . Another key finding is that the glycosylphosphatidylinositol (GPI) anchors present in many protozoa can activate TLR2 [154] . For Plasmodium falciparum, several PAMPs and PRRs have been defined. For example, the scavenger receptor CD36 and TLR2 work in concert to facilitate both internalization of infected erythrocytes and cytokine responses [155] . Also, hemozoin, a byproduct of hemoglobin digestion in malarial parasites serves as another PAMP and activates both NALP3 and TLR9 [156, 157] . The surface of helminths is very rich in glycoproteins and many are recognized by CLRs [158] . Control of Leishmania major requires TLR4 and MyD88 and the putative PAMP is lipophosphoglycan [159] [160] [161] . PAMPs from Trypanosome cruzi can be recognized by TLR2, TLR4, and TLR9 and MyD88 and TRIF deficiency results in significantly enhanced susceptibility to infection [162] . Many other PAMPs and PRR relationships have been defined for other helminths and some have unusual consequences. For example, the excretory/secretory (ES) glycoprotein ES-62 of the filarial nematode has been shown to signal through TLR4 but results in inhibition of proinflammatory cytokines [163] . Overall PRR and PAMP relationships critical for adequate responses to parasitic infection will no doubt progress much more slowly due to life cycle and structural complexities.
Viruses
There are several types of viral PAMPs that are critical for eliciting inflammatory and protective responses during viral infection. Some pathways lead to the production of inflammatory cytokines including TNF through the NF B pathway however the key innate antiviral cytokines are IFN and IFN which are produced by an NF B independent pathway. The IFNs are critical to viral defenses because they induce and activate a number of other antiviral proteins essential for viral containment. Viral PAMPs are virus specific and are recognized in a cell type specific fashion. DCs are key IFN producers and express the TLRs which induce IFNs strongly such as TLR3, TLR7, and TLR9 (as well as other TLRs) [12, 13] . There are several sites at which some viral PAMPs are recognized. First are the viral envelope proteins including the fusion (F) protein from respiratory syncytial virus (RSV) which is recognized by TLR4 on the cell surface at contact with the virus and may be critical in preventing virus binding and entry processes [13, 164] . In the cytosol and endosomes viral nucleic acids are recognized. The environment in which the host cell encounters viral nucleic acid reflects a specific subcellular distribution of PRRs [46] . When viruses are internalized into acidic endosomal compartments they can be uncoated exposing viral nucleic acids (DNA and ss or ds RNA) either by breakdown of infected/apoptotic cells or by viral replication [13, 45] . dsRNA is a replicative intermediate for most viruses including both RNA and DNA viruses [13, 45] . In the endosome, it is recognized by TLR3 leading to IFN production [165] . TLR3 is expressed on numerous cell types including DCs, airway, vaginal, cervical, and intestinal epithelial cells as well as astrocytes indicating its importance in recognition of dsRNA from many viral types in many locations throughout the body [17] . TLR7 and TLR9 are also present in the endosome and recognize ssRNA and viral DNA rich in unmethylated CpG motifs. TLR7 and TLR9 are expressed almost exclusively in pDCs and are very potent stimuli for IFN induction [13, [43] [44] [45] . Many RNA viruses including influenza enter the cytosol through endosomes or directly through the cell surface and replicate there. In the cytosol viral RNA PAMPs are not recognized by TLRs but are recognized by RLHs which also lead to IFN production [43] [44] [45] .
PAMPs known to activate PKR, another cytosolic PRR include long strands of dsRNA and more recently identified modified RNA containing 5' triphosphate extensions of dsRNA. Such motifs are not expressed in mammalian RNA thereby allowing PKR to distinguish between self and foreign RNA [44] [45] [46] 106] . Again as with the other classes of PAMPs described above, viruses present multiple PAMPs that require both TLR-dependent and TLR-independent PRR pathways for proper control [110] .
CONCLUSION
The primary purpose of PRRs is to recognize non-self PAMPs and to initiate an immune response against them. Many studies have demonstrated that a relatively small number of PRRs can recognize the vastly differing biochemical structures of PAMPs from different types of microorganisms as well as different life stages. In many cases, several PRR pathways are activated by different PAMPs from the same pathogens thereby providing depth and redundancy to the innate immune response. In addition, it appears that different PRR pathways can cooperate to elicit more potent inflammatory responses than each individually. An example of which is the cooperation between NLRs and TLRs in response to PGN. In some cases the distribution of PRRs is cell type specific and subcellular compartmentspecific again providing more depth in the recognition of diverse PAMP structures and pathogen life cycles. Finally, there is a great deal of overlap in signaling pathways and end products of such signaling. Examples include the use of MyD88, TRAF6, and NF B to elicit multiple inflammatory cytokines from multiple PRR pathways. Production of IFNs and IFN-inducible proteins is another common endpoint for multiple pathways and this is largely as a result of IRF3 and IRF7 signaling. In the end the role of PRRs is not only recognition and initiation of inflammatory responses but also to present antigens to T cells for initiation of the adaptive immune response to further provide protection from current as well as future encounters with such pathogens.
During septic shock, many of these PRRs are activated by PAMPs from the infecting organism triggering the inflammatory cascade. Early in the clinical course of septic shock, exaggerated inflammatory response are associated with poor outcomes. Mortality from septic shock remains unacceptably high and in order to continue to improve outcomes, a better understanding of host pathogen interactions is essential in order to understand the sites of action of potential therapies. In the pediatric population where the immune response is maturing and defenses are heavily reliant on the innate immune response, research in this area is particularly important.
